Abstract: Modern applications of robotics typically involve a robot control system with an inner PI (proportional-integral) or PID (proportional-integral-derivative) control loop and an outer user-specified control loop. The existing outer loop controllers, however, do not take into consideration the dynamic effects of robots and their effectiveness relies on the ad hoc assumption that the inner PI or PID control loop is fast enough, and other torque-based control algorithms cannot be implemented in robotics with closed architecture (i.e., the torque control loop is closed). In this paper, we propose a dynamic modularity approach to resolve this issue, and a class of adaptive outer loop control schemes is proposed for robotic systems with an inner/outer loop structure and their role is to generate joint velocity and position commands for the low-level joint servoing loop. Without relying on the ad hoc assumption that the joint servoing is fast enough or the modification of the low-level joint controller structure, we rigorously show that the proposed outer loop controllers can ensure the stability and convergence of the closed-loop robotic system. We also propose the outer loop version of the standard Slotine and Li adaptive controller in joint space, and a promising conclusion may be that most torque-based adaptive controllers for robots can be redesigned to fit the inner/outer loop structure, by using the adaptively scaled dynamic compensation and the new definition of the joint velocity command. Simulation results are provided to show the performance of the proposed adaptive outer loop controllers, using a three-DOF (degree-of-freedom) manipulator.
Introduction
User-friendliness is an important aspect of modern automatic machines, especially if they are expected to do extensive work in cooperation with human beings. The control systems for modern robotic systems, unfortunately, have not yet reach this expectation though numerous control algorithms have been developed over the past several decades. To serve this purpose, the controlled robotic system might have to be reliable, robust, and flexible to satisfy the user's needs. As we take a deep look at the development of computers (for instance, the recent hybrid computers-Surface Pro 4, iPad Pro, etc.), the module design plays a vital role in promoting their success in our everyday life.
The inner/outer loop structure of robotic systems (e.g., most commercial robotic systems) enjoys certain module design flavor and has some desirable properties, e.g., it is beneficial for generating a high joint stiffness by employing a fast inner joint servoing while it is not reliable as directly specifying the control torque due to the limitation of the communication reliability. It seems necessary here to recall the standard inner/outer loop structure of most commercial (industrial) robotic systems: 1) an outer (kinematic) loop using a centralized computer with enough computing power; 2) an inner dynamic loop that consists of a group of independent processors equipped at each joint in a decentralized way (i.e., each processor only receives/sends signals from/to its local sensors/actuator, and the centralized computer). The inner dynamic loop usually evolves at a much faster sampling rate than the outer (kinematic) loop.
The attempts that aim to address the control of this kind of robotic systems in the task space occur in, e.g., [1, 4, 13, 18] . However, these controllers cannot ensure the convergence of the tracking errors without significantly modifying the lowlevel PI (proportional-integral) controller to be a more complicated one. One may note that these control algorithms are all based on the standard resolved motion rate control proposed by [35] to design the joint velocity command. Then what actually prevents the application of advanced robot controllers? Let us first retrospect the realization of the standard computed torque controller that has been discussed in [26, p. 209, 210 ] and also in [11] (something like feedforward precorrection). The specific procedure in [26] is to modify the terms in the feedforward action that may involve coupling by replacing certain signals (positions or velocities) with their desired values. In this way, no communication between the joint processors at the dynamic servoing loop is required since the desired values of all the joints are stored in each joint's computer a priori (which would, on the other hand, mean that this algorithm is not flexible in the case that the desired trajectory is subjected to changes). The overall impression is that for the sake of reducing the computational burden, this scheme performs the feedforward at the joint control loop, in a relatively limited manner and with many nonlinear terms being neglected. Another important wellrecognized reason is that most industrial/commercial robotic systems do not have an open torque control loop. These might be the main reasons of giving rise to the awkward situation of the modern torque-based robot control algorithms (e.g., the adaptive algorithms in [6, 10, 16, 21, 23, 29, 30] and the robust algorithms in [24, 36] ), i.e., it is hard to apply these algorithms to most industrial/commercial robotic systems as the torque control loop is not open (see, e.g., [19] ). The precorrection scheme in [11] , by producing a trajectory correction term based on the inverse manipulator dynamics and then adding it to the desired joint trajectory, improves the performance of the industrial robotic system without modifying the low-level controller structure. The main proofs of the performance improvement, however, are by the experimental results rather than by the rigorous analysis.
In this paper, we rigorously address this issue in the context of adaptive task-space/joint-space control for robotic systems with an embedded low-level PI joint velocity controller or PID (proportional-integral-derivative) joint position controller and with uncertain dynamics (and kinematics). The use of PI velocity controller or PID position controller in most industrial/commercial robotic systems is well recognized (see, e.g., [3, 27] ). Our main purpose here is to develop a class of adaptive outer loop controllers that can ensure the stability and convergence of the robotic systems with the dynamic effects being taken into full account and without modifying the embedded inner PI or PID control loop. The application of the current adaptive (or robust) task-space regulation/tracking algorithms (e.g., [5, 7, 10, [14] [15] [16] [29] [30] [31] [32] ) to robotic systems with an inner/outer loop structure, for a long period, relies on the ad hoc assumption that the inner joint servoing loop is fast enough or the modification of the inner joint controller structure.
We first propose an adaptive task-space controller that rules out the fundamental limitations of the existing results, by using adaptively scaled dynamic compensation to account for the dynamic effects of the system. The controller avoids the use of the task-space velocity by using an observer [motivated by the one in [33] with a modified feedback gain (which depends on the estimated Jacobian matrix) to achieve the feedback separation]. The proposed adaptive controller is a qualified outer loop scheme that can be applied to robotic systems with an unmodifiable PI/PID joint servoing controller (e.g., most industrial/commercial robots), taking into account the dynamic effects of the robotic systems. From a robot control perspective, most existing kinematic algorithms are not mathematically rigorous in that either the effects of the inner joint control loop is not considered (e.g., [12, 20, 34] ), or the low-level joint servoing controller is assumed to be strong enough to ensure (yet cannot rigorously guarantee due to the absence of a dynamic compensation action in the low-level dynamic loop) the square-integrability and boundedess of the velocity tracking error (e.g., [28] ), or even the modification of the low-level controller structure (e.g., [1, 13, 18] ). These limitations are mainly caused by the two-loop structure and closed joint controller architecture of the robotic systems. The proposed outer loop controller here, by using the adaptively scaled dynamic compensation action, ensures the stability and convergence of the task-space position error without relying on any modification of the low-level PI/PID controller structure. Due to the independence of the design of the outer loop controller and that of the low-level PI/PID controller and the injection of the dynamic compensation, the proposed design approach is referred to as dynamic modularity approach.
Furthermore we illustrate how the adaptively scaled dynamic compensation is used to shape the well-known Slotine and Li adaptive robot controller for joint-space trajectory tracking to be an adaptive outer loop scheme that is applicable to most robotic systems with an inner/outer loop structure (e.g., most industrial/commercial robotic systems). It seems hopeful that most torque-based adaptive dynamic controllers for robots in the literature, by using the adaptively scaled dynamic compensation and new definition of the joint velocity command, can be shaped to be qualified outer loop controllers.
Manipulator Kinematics and Dynamics
Consider an n-DOF (degree-of-freedom) manipulator actuated by permanent magnet DC motors. Let x ∈ R m be the position of the end-effector in the task space and it is relevant to the joint position by the following nonlinear mapping [8, 25] x = f (q) (
where q ∈ R n denotes the joint position and f :
is the mapping from joint space to task space. We here assume that n ≥ m, i.e., the manipulator can either be nonredundant or redundant.
Differentiating (1) with respect to time yields the relation between the task-space velocityẋ and joint velocityq [8, 25] 
where J(q) ∈ R m×n is the Jacobian matrix. If the kinematic parameters are unknown, the task-space position/velocity can no longer be derived by the direct kinematics given above. The typical practice in this case is to employ certain task-space sensors (e.g., a camera) to obtain the task-space position information.
The dynamics of the manipulator can be written as [25] 
where
is the Coriolis and centrifugal matrix, B ∈ R n×n is a diagonal positive definite matrix, g(q) ∈ R n is the gravitational torque, u ∈ R n is the armature voltage, and K ∈ R n×n is a constant diagonal positive definite matrix.
Four basic properties associated with (2) and (3) that shall be useful for the controller design and stability analysis are listed as follows.
Property 1 ( [7] ): The kinematics (2) depends linearly on a constant kinematic parameter vector a k , which gives rise to
where ψ ∈ R n is a vector and Y k (q, ψ) is the kinematic regressor matrix.
Property 2 ( [22, 25] ): The inertia matrix M (q) is symmetric and uniformly positive definite.
Property 3 ( [22, 25] ): The Coriolis and centrifugal matrix C(q,q) can be appropriately defined such that the matriẋ M (q) − 2C(q,q) is skew-symmetric.
Property 4 ( [22, 25] ): The dynamics (3) depends linearly on a constant dynamic parameter vector a d , which yields
where ζ ∈ R n is a differentiable vector,ζ is the time derivative of ζ, and Y d (q,q, ζ,ζ) is the dynamic regressor matrix.
Adaptive Inner/Outer Loop Control
Kinematic control typically appears in the context of inner/outer loop control of robot manipulators and its focus is on the design of the joint velocity command. Historically, the effectiveness of kinematic control stands on the relatively strong assumption that the inner control (PI velocity control or PID position control) loop is fast enough so that the dynamic effects of the inner loop can be neglected. Here we present a dynamic modularity approach to rigorously ensure the convergence of the task-space position error, without relying on the ad hoc assumption or the modification of the inner control loop.
Let x d ∈ R m denote the desired task-space position, and we assume that x d ,ẋ d , andẍ d are bounded.
Observer-Based Task-Space Adaptive Control
To avoid the task-space velocity measurement, we introduce the following task-space observeṙ
is the estimate of J(q) and is obtained by replacing a k in J(q) with its estimatê a k , andq r is the joint reference velocity which is defined aṡ
where γ is a positive design constant and Ω is the standard generalized inverse ofĴ(q). The observer (6) is motivated by [33] yet with a new feedback gain βĴ(q)Ĵ T (q) for the purpose of achieving the feedback separation, and the idea behind is that the actual joint velocity finally approaches the joint reference velocityq r and thusĴ(q)q r would approach the estimated task-space velocityĴ(q)q. The desirable point is that the observer no longer depends on the joint velocity and is thus not influenced by the noise of the velocity signal. The definition of the joint reference velocity given by (7) extends the one in [28] to address the case of no task-space velocity measurement. Define a sliding vector
The joint velocity command is defined aṡ 
where q c (0) can be chosen as any constant vector. The adaptation laws forâ
where Γ k and Γ d are symmetric positive definite matrices, Λ is a diagonal positive definite matrix, and Δx = x − x d . From (9) and (10), we see that the measurement of the taskspace velocity is avoided due to the use of the observer (6).
Combining (6) and (2) and using Property 1 yields
where Δa k =â k − a k . By premultiplying s withĴ(q) and using Property 1, we obtain
Therefore, at the outer level, we obtain
The PI gains of the inner PI velocity control loop (the case of PID position control is discussed in Sec. 3.2) are supposed to be K P and K I , which are diagonal positive definite, and the PI action then takes the form
Here,q * c and q c are the velocity and position commands given by (9) and (10), respectively.
We are presently ready to formulate the following theorem.
Theorem 1: Let the controller parameters β and γ be chosen such that β > 4γ/9.
The adaptive outer loop controller given by (9) , (10), (11), (12) , and (13) for the robotic system (2) and (3) under the inner PI controller (18) ensures the convergence of the taskspace tracking errors, i.e., Δx → 0 and Δẋ → 0 as t → ∞. Proof: Substituting (18), (9), and (10) into (3) and using Property 4 gives
T . Consider the Lyapunov-like function candidate
whose derivative with respect to time along the trajectories of the system can be written as (by using Property 3)
This directly gives the conclusion that 
with the choice of the last term following the typical practice (see, e.g., [17, p. 118] ), and the derivative of V * * with respect to time along the trajectories of (16), (17) , and (11) can be shown to satisfẏ
due to the positive definiteness of Q in the case that β > 4γ/9, where I n is the n×n identity matrix, and in the derivation of (24), we have used the following results derived from the standard basic inequalities
The inequality (24) immediately gives rise to the result that
is bounded, and from (7), we obtain thatq r ∈ L ∞ . Therefore,q = s +q r ∈ L ∞ . From (2), we obtain thatẋ ∈ L ∞ . From (6), we know thatẋ o ∈ L ∞ . Then we obtain that Δẋ o ∈ L ∞ and Δẋ ∈ L ∞ . From (11), we obtain thatȧ k ∈ L ∞ , and thuṡ → 0 and Δx → 0 as t → ∞ ifĴ(q) has full row rank. From the differentiation of (7), we obtain thatq r ∈ L ∞ . From (20) and using Property 2, we obtain thatṡ ∈ L ∞ and further thatq ∈ L ∞ . Based on the differentiation of (2), we have thatẍ ∈ L ∞ and thus Δẍ ∈ L ∞ , implying the uniform continuity of Δẋ. Similarly, from the differentiation of (6), we have thatẍ o ∈ L ∞ and thus Δẍ o ∈ L ∞ , implying that Δẋ o is uniformly continuous. Considering the fact that Δx → 0 and Δx o → 0 as t → ∞ and using Barbalat's Lemma [22] , we have that Δẋ → 0 and Δẋ o → 0 as t → ∞.
Remark 1: The introduction of the adaptive scaleŵ is to accommodate the uncertain diagonal matrix K * = KK P , and its uncertainty comes from both the actuator dynamics and low-level controller design (generally performed by the robot production company). The part due to the actuator dynamics (i.e., K) is inherently uncertain and may possibly be subjected to slow variation. The uncertainty of the part due to the low-level controller design (i.e., K P ) is a business strategy for protecting the intellectual property right and thus it is and will be impossible to be disclosed thoroughly in the short run. The integral gain K I is also generally unknown to the user, but as we see, the proposed adaptive controller does not need to know the value of K I . In addition, the derivation of the adaptive scaleŵ is computationally efficient and free of computational singularity since it does not involve the computation of inverse of an estimated quantity (which, however, would be encountered if we directly estimate the matrix K * ). Similar techniques for handling the uncertainty of the diagonal torque-constant matrix (which describes the relation between the torque and current) appear in the context of adaptive control for rigid-link electrically-driven robots or robots with actuator uncertainty, yet with an open controller structure (i.e., the armature voltage can be directly specified by the user) [2, 6] .
Task-Space Adaptive Control With an Inner PID Position Controller
We here investigate another case that the low-level controller takes the PID position control action, i.e., (27) where K D , K P , and K I are the derivative, proportional, and integral gains (diagonal and positive definite), respectively. In this case, to ensure the stability and convergence of the robotic system, we need to make some modifications. Specifically, we define two quantities beloẇ
where q r is the same as q c that is generated by (10) and K c is a diagonal positive definite matrix. The joint velocity command for the low-level PID controller is defined aṡ
and the joint position command remains the same as (10) . The adaptation laws forŵ andâ d are modified aṡ
with
and the adaptation law forâ k is still the same as (11) . With these modifications and using the fact that q − q c = t 0 s(σ)dσ + δ 0 , equation (20) becomes
whereK * = KK D . The above equation can further be written as
Consider the Lyapunov-like function candidate
By suitably choosing K c , we can ensure that M is positive semidefinite. The derivative of V can be written aṡ
Theorem 2: Choose the matrix K c such that M given by (36) is positive semidefinite and the design constants β and γ to satisfy (19) . Then the adaptive outer loop controller given by (30) , (10), (11), (31), (32) for the robotic system (2) and (3) under the inner PID position controller (27) ensures the convergence of the task-space tracking errors, i.e., Δx → 0 and Δẋ → 0 as t → ∞.
The proof of Theorem 2 can be completed by following similar steps as that of Theorem 1.
Remark 2: The key issue in the case of using a low-level PID controller is the choice of K c , and obviously large enough K c can ensure that M is positive semidefinite. The remaining thing is how to appropriately determine the gain K c . In practice, since the damping matrix B is generally unknown (may be quite small in some cases), we thus consider the worst case of no damping (i.e., B = 0), and this implies that k c,ii (i.e., the i-th diagonal entry of K c ) should satisfy
where k D,ii is the i-th diagonal entry of K D , k P,ii is the i-th diagonal entry of K P , and k I,ii is the i-th diagonal entry of K I . Here we face the similar situation as the control engineers of the robot production company. The control engineers are usually careful about the choice of the integral gain and large gain may cause instability; a trade-off has to be made between the attenuation of constant disturbances and the stability margin of the control system. In practice, k P,ii and k D,ii are possibly/generally chosen to be not less than k I,ii , and in this case, we can simply choose k c,ii as k c,ii ≥ ( √ 5 − 1)/2, ∀i = 1, . . . , n, which would then ensure that M is positive semidefinite.
Adaptive Inner/Outer Loop Control in Joint Space
The result that we would like to discuss here is the wellknown Slotine and Li adaptive controller [21] , and it is formulated in the context of open joint torque control. If we redefineq r in (7) asq
with q d ∈ R n being the desired joint position andᾱ a positive design constant, then the adaptive controller given by (9), (10), (12) , and (13) withq r being defined by (40) becomes an outer loop version of Slotine and Li adaptive controller, which is suitable for most practical robotic systems (without opening the torque control module) with an inner/outer loop structure. In this case of the joint-space position tracking, one can easily show that the position command q c = q d is also qualified for ensuring the stability of the robotic system and convergence of the joint tracking errors.
Simulation Results

Task-Space Adaptive Control
Consider a three-DOF manipulator with a tool, as is shown in Fig. 1 . The physical parameters are given in Table  1 with the labels 1, 2, 3, and E denoting link 1, 2, 3, and the tool, respectively, and the diagonal rotor inertia matrix Let us now consider the case of using a low-level PID position controller with K D , K P , and K I being set as K D = 30.0I 3 , K P = 15.0I 3 , and K I = 10.0I 3 , respectively. The matrix K c is chosen as K c = 0.8I 3 which satisfies the condition (39), and the other controller parameters are chosen to be the same as above. The responses of the task-space position tracking errors are shown in Fig. 3 , which are similar to the case of using a low-level PI velocity controller. 
Conclusion
In this paper, we have proposed a dynamic modularity approach to adaptive control of robotic systems with an inner/outer loop structure, and both the task-space and jointspace control are taken into consideration. The proposed adaptive outer loop controllers take into full account the system dynamic effects while most existing outer loop controllers rely on the ad hoc assumption of a fast enough joint control loop or the modification of the joint control loop to be a more complicated one. From an application perspective, most existing control schemes cannot ensure the stability of the system or convergence of the tracking errors as applied to robotic systems with an unmodifiable inner joint control loop (e.g., most industrial/commercial robotic systems) while the proposed adaptive outer loop schemes can guarantee the stability and convergence of the system without the need to modify the inner joint control loop. The goal of the study here is to achieve a module robot control system where the adaptive outer loop is user-defined and the inner loop is factory-defined and embedded.
Furthermore, the proposed approach may possibly be applicable to other classes of mechanical systems (e.g., space robots, mobile robots, or aerial vehicles) that have a hidden torque/force control loop yet admit the design of the velocity command.
